Oxidized tyrosine products (OTPs) have been detected in commercial food and have been demonstrated to induce oxidative damage in vivo. The pancreas plays an important role in glucose metabolism, but its antioxidant capacity is low. The present study investigates the potential impact of dietary OTPs on the pancreatic function. Sprague Dawley (SD) rats (8 rats per group) were fed a diet containing OTPs for 24 weeks, and the blood glucose and plasma insulin levels were then measured. Elevated fasting blood glucose and decreased plasma insulin levels indicated dysfunction of the pancreatic islets. The rats fed the OTPs-containing diet also exhibited pancreatic oxidative stress, accompanied by inflammation.
Introduction
During food processing and storage, protein are targets for many oxidants such as radicals and non-radicals, under conditions of high temperature, extrusion, and shearing force.
1,2 Tyrosine residues play a major role in several metabolic pathways, including insulin synthesis and insulin signaling sensibility. 3, 4 However, tyrosine is readily oxidized to dityrosine (Dityr), 5 a typical oxidized tyrosine product. The Dityr is a crosslinking oxidized protein product with a stable structure that is resistant to acid hydrolysis and proteases. 6, 7 It has been proved that the accumulation of Dityr in tissues is associated with many diseases, including Parkinson's disease, asthma and Alzheimer's disease.
8-10
Dietary oxidized tyrosine products (OTPs) can also contribute to some metabolism disorders. 11 The consumption of milk containing oxidized protein has negative effects on children, including lower growth rates, eczema and dry stool. 12, 13 In previous studies, we veried that long-term exposure to oxidized casein or oxidized tyrosine impaired the antioxidant defense system and induced hepatic and renal brosis. 14, 15 Previous research also suggested that Dityr could induce oxidative damage in the brain, leading to novel object recognition decits. 16 Given the ndings of the aforementioned studies, examining the relationship between oxidized proteins and oxidative stress is presently a major research topic. Redox status is crucial for normal metabolism. However, the pancreas inherently contains only a fraction of the antioxidant enzymatic activities, in comparison to the liver. 17 As result, the pancreas may be a major target of oxidative stress in the condition of diabetes. In patients with diabetes, the activities of antioxidant enzymes in the plasma are weaker than those of individuals without diabetes. 18 The inuence of oxidative damage induced by oxidized proteins on the bio-function of pancreatic b cells has not been fully explored.
The mitochondrion is a key organelle in b cells, which is crucial for ATP generation and other factors that link glucose metabolism to insulin secretion. [19] [20] [21] However, mitochondria are susceptible to oxidative damage, and excessive generation of reactive oxygen species (ROS) can lead to mitochondrial dysfunction. 22, 23 The activities of antioxidant enzymes are largely responsible for the protection of mitochondria against ROS. 24 Although a number of stimuli modulate the synthesis and release of insulin, mitochondrial oxidative metabolism is the most important factor in glucose-stimulated insulin secretion. 25 In the present study, we investigate the effects of OTPs on insulin secretion and the redox status of the pancreas. Since Dityr accounts for 22% of OTPs, 26 the potential role of Dityr in pancreatic injury induced by OTPs was studied in a 10 week gavage experiment involving C57BL/6 mice administered with OTPs or pure Dityr. This study also examines whether exposure to Dityr results in mitochondrial dysfunction, subsequently attenuated insulin secretion and ultimately, triggered hyperglycemia.
Materials and methods

Oxidized tyrosine products preparation
OTP was prepared by our laboratory according to the method of Kurahashi, 27 with a little modication, as previously described. 26 Briey, L-tyrosine was dispersed in 0.05 M phosphate buffer (pH 7.4) with the concentration of 1 mg mL À1 . The tyrosine solution was added to H 2 O 2 (5 mM) and CuSO 4 (0.05 mM) and mixed in sealed tubes. The mixtures were shaken at 60 rpm in a thermostatic bath at 45 AE 0.1 C for 2 h. At the end of the reaction, Cu 2+ was removed using cation exchange resin.
Freeze-drying was applied to remove the remaining hydrogen peroxide and dry the OTPs sample. The major constituents of OTPs were assessed in the previous study in our lab and it was found that the OTPs sample mainly contained Dityr, the content of which was 22% (w/w). of lipoic acid (LA)). Tyr group (rats received the standard diet together with 8 g kg À1 of tyrosine).
The dose of OTPs we used in this experiment was consistent with the previous studies in our lab. 26 All animal treatments were performed in accordance with the ethical standards laid down in the guidelines of National Institutes of Health Guide for the Care and Use of Laboratory Animals (China) and in the 1964 Declaration of Helsinki and its later amendments. All animal studies were approved by the Laboratory Animals Ethics Committee of Jiangnan University.
2.2.2. Body weight, food intake, blood glucose, glucose tolerance test, plasma insulin content. The body weight was measured weekly. The 24 h food intake was measured using the Comprehensive Laboratory Animal Monitoring System (CLAMS, Columbus Instruments, Columbus, OH) at the end of the 24 week experimental period. For blood glucose tests, rats were fasted overnight for 12 h, and blood samples were obtained from the tail vein. Animals were then given 2 g kg À1 body weight of glucose by gavage, and blood samples were taken at the indicated intervals (0, 10, 30, 60, 90, 120 min aer gavage). Blood glucose was tested using One Touch Sure
Step test strips (Lifescan, Milpitas, California, U.S.A.). Plasma insulin concentration was measured using the rat ELISA kits (Huijia biotechnology, Xiamen, P. R. China) according to the manufacturer's instruction.
2.2.3.
Oxidative stress biomarkers and activities of antioxidant enzymes. Aer a 24 week period, the rats were sacriced. Reactive oxygen species (ROS) in the blood were measured by an electron-spin resonance spectrometer system (ESR) (EMX plus -10/12, Bruker, Germany) using 5,5-dimethyl-1-pyrroline-Noxide (DMPO) (Sigma-Aldrich Corp., St. Louis, MO, U.S.A.) as the ROS trapping agent. The signal obtained was used to calculate the central peak height of the ESR signal (the value of the top point minus the value of the bottom point).
The activity of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidation (GPx), and malondialdehyde (MDA) levels in the pancreas and total antioxidants (T-AOC), reduced glutathione (GSH), oxidized glutathione (GSSG) in the blood were assayed by corresponding kits (Jiancheng Bioengineering Institute, Nanjing, P. R. China). Total protein contents were determined by the method of Lowry et al., 28 using bull serum albumin (BSA) as the protein standard. The levels of tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) in the plasma, Dityr and 3-nitrotyrosine (3-NT) in the pancreas were measured using the rat ELISA kits (Huijia Biotechnology, Xiamen, P. R. China), according to the manufacturer's instructions.
2.3. 10 week gavage experiment using OTPs and Dityr in C57BL/6 mice 2.3.1. Animal treatment. The major constituent of OTPs is Dityr, so we performed an additional Dityr gavage experiment to explore whether Dityr was responsible for the injury induced by OTPs. Since the preparation of Dityr is very costly and timeconsuming, we chose to use mice (with body mass much lower than that of rats) for this gavage study, and 4 week-old male C57BL/6 mice were purchased from the Model Animal Research Center of Nanjing University, China. The mice were housed in a temperature-controlled room at 24 AE 2 C with a 12 h light-dark cycle, with free access to food and water. Mice were randomly divided into three groups (n ¼ 8), which received Dityr (320 mg per kg per bw per day) (Dityr group), OTPs (1450 mg per kg per bw per day) (OTPs group), and saline solution (control group). The dose of Dityr used in the animal experiment was consistent with the previous studies in our lab. 16 Table 2 Primer's sequences of C57BL/6 mice and MIN-6 cells for qRT-PCR
The DCF uorescence intensity was detected using a uores-cence microplate reader (M5, Molecular Device, SVSE, USA) at an excitation wavelength of 488 nm and an emission wavelength of 525 nm.
ATP generation analysis.
At the end of treatment, the cells were collected, and the cellular ATP concentration was determined using an ATP assay kit (Jiancheng Bioengineering Institute, Nanjing, P. R. China), following the manufacturer's instructions.
Mitochondrial DNA copy number analysis
Total DNA of cells and tissues was extracted with Trizol reagent according to the manufacturer's protocol (Applied Biosystems, Foster City, CA, USA). The concentration of total DNA in each sample was quantied using a NanoDrop Spectrophotometer (ND2000, Thermo, Waltham, MA, USA). Relative quantication of mt-ND2 (mitochondrial DNA, mtDNA) and control nb2M (nuclear DNA, nDNA) was conducted in MIN-6 cells and the pancreas of C57BL/6 mice, based on a qRT-PCR protocol. The ratio of mtDNA/ nDNA is the indicator of the mtDNA copy number. 29 
Determination of mitochondrial membrane potential
The mitochondrial membrane potential in MIN-6 cells and the pancreas of C57BL/6 mice was measured using 5,5 0 ,6,6 0 -tetra-
probe (JC-1) (Beyotime Biotechnology, Shanghai, P. R. China). The mitochondrial membrane potential loss was reected by the increased green uorescence from JC-1 monomers as well as the reduction of red uorescence from JC-1 aggregates. The mitochondrial membrane potential in the pancreas of C57BL/6 mice was measured using a uorescence spectrophotometer (FlourMax-4, HORIBA, Tokyo, Japan). The mitochondrial membrane potential in MIN-6 cells was measured using a cell sorter (BD FACSAria II, BD Biosciences, Sandra Jose, CA, USA).
Protein extracts and western blot analysis
Protein was extracted from the mouse pancreas and MIN-6 cells using RIPA lysis buffer (P0013B), which was purchased from Beyotime Institute of Biotechnology (Shanghai, China). The lysis buffer mainly contained 50 mM of Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS and dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol and 5% b-mercaptoethanol) in the ratio of 4 : 1, and were then boiled at 95 C for 10 min to denature the protein.
Protein extracts were separated on 12% SDS-PAGE gel using 10 mg protein per sample and then transferred onto the NC membrane. The membrane was blocked in Tris-buffered saline (pH 7.4) with 5% BSA and 0.1% Tween 20. Aerwards, the blocked membrane was incubated with primary antibody, including rabbit MT-ND1 antibody (ab74257, Abcam, Shanghai, China) and rabbit b-actin antibody (ab8226, Abcam, Shanghai, China) at a dilution of 1 : 1000 at 4 C for 10 hours. Blots were incubated with secondary antibody (Sigma-Aldrich, U.S.A.) at a dilution of 1 : 4000, and uorescence images were obtained with the automatic chemiluminescence imaging analysis system (Tannon 5200, Shanghai, China).
Total mRNA isolation and quantitative RT-PCR (qRT-PCR)
Total RNA of cells and tissues was extracted with Trizol reagent according to the manufacturer's protocol (Applied Biosystems, Foster City, CA, USA). The concentration of total RNA in each sample was quantied by NanoDrop Spectrophotometer (ND2000, Thermo, Waltham, MA, USA). A SYBR green based qRT-PCR kit was used according to the manufacturer's instructions in a 7900HT instrument (Applied Biosystems, Forster, CA, USA). The specicity of the product was assessed from melting curve analysis. Gene expressions were determined using the 2 ÀDDCt method. The primer's sequences for the genes are shown in Tables 1 and 2 .
Statistical analysis
All measurement values were expressed as mean AE S.E.M. Signicant differences between groups were determined by oneway analysis of variance using SPSS 20.0 soware (SPSS Inc. Chicago IL., U.S.A.) for Windows. A difference was considered signicant at the p < 0.05 level.
Results
24 week dietary OTP experiment in SD rats
3.1.1. Effects of OTP on body weight, food intake, blood glucose, and insulin secretion. Fig. 1 shows the body weight and daily food intake. The body weight of the rats in the OTP groups became signicantly lower than those of the control group aer the 10th week of feeding. The body weight gains of the rats in the OTP groups were lower than those of the rats in the control group. The daily food intake was signicantly higher in the OTPs-treated rats than in the control group. LA prevented the body weight loss and appetite increase induced by OTPs.
Dramatic changes in body weight and increased food intake are major risk factors for diabetes. The results of the glucose tolerance test are shown in Fig. 2 . Blood glucose levels under fasting conditions (0 min) were higher in the OTPs-fed rats, compared to the control rats. Quantitatively, the area under the glucose curve was signicantly increased in the OTPs-fed rats, as compared to that in the control rats. The plasma insulin level under fasting conditions (0 min) was decreased in the rats in the OTP groups. Thirty minutes aer glucose administration, plasma insulin levels increased to the maximum value and decreased rapidly in the control rats. However, there was no time-dependent change in insulin content in the OTPs-fed rats. Fig. 3 shows the expression of genes (Glut2 and Gck) and transcription factors (Pdx-1 and MafA) involved in insulin biosynthesis in the pancreas were signicantly lower in OTPstreated rats when compared with rats in control group. LA mitigated the effect of OTPs on blood glucose and insulin synthesis. These data point to impaired glucose tolerance and reduced insulin secretion in the OTPs-fed rats.
3.1.2. Effects of OTPs on oxidative stress, lipid peroxidation and protein oxidation. The levels of oxidative stress biomarkers are shown in Fig. 4 . From the statistical analysis of the ESR signal of each group, the level of ROS in blood was signi-cantly higher in the OTPs-treated groups, which was accompanied by decreased total antioxidant capacity (T-AOC) and decreased the GSH/GSSG ratio in the blood. The levels of inammatory markers (IL-6 and TNF-a) were markedly higher in the blood of OTP-fed rats, compared to the controls. Fig. 5 shows that the antioxidant enzyme activities of the pancreas, including SOD, CAT, and GPx, were markedly lower in the OTPs-fed rats than in the controls. Simultaneously, the levels of MDA, Dityr, and 3-NT signicantly increased in the pancreas of OTPs-fed rats. The OTPs treatment also downregulated the mRNA expression of antioxidant-related genes in the Nrf2/ARE pathway (Nrf2, Gpx-1, and Ho-1). Treatment with LA ameliorated the oxidative stress induced by OTPs. These data suggest that OTPs would induce oxidative stress and decrease the antioxidant capacity of the pancreas.
3.2. 10 week gavage experiment with OTPs and Dityr in C57BL/6 mice 3.2.1. The effects of OTPs and Dityr on glucose tolerance and the redox status of C57BL/6 mice. As shown in Fig. 6 . The gavage of OTPs and Dityr resulted in impaired glucose tolerance and decreased plasma insulin levels. OTPs and Dityr also downregulated the mRNA levels of genes related to the GSIS pathway (Fig. 7) , induced excessive ROS generation in the blood, and decreased the T-AOC and GSH/GSSG ratio in the blood (Fig. 8) . Dityr accumulated in the pancreas of the mice treated with OTPs or Dityr, suggesting that the pancreas was the target organ of Dityr. Both OTPs and Dityr led to oxidative stress and decreased activities of antioxidant enzymes (Fig. 9) . All the changes, including increased blood glucose levels, decreased insulin concentration, and impaired antioxidant capacity observed in the C57BL/6 mice aer gavage were consistent with the effects induced by OTPs in the SD rats. There was no signicant difference between the OTPs and Dityr treated mice. These data imply that Dityr is responsible for the pancreatic damage caused by OTP.
3.2.2. The effects of OTPs and Dityr on the mtDNA, mitochondrial membrane potential, and mRNA expression of genes involved in mitochondrial function and metabolism in the pancreas of the C57BL/6 mice. As shown in Fig. 10 , the mtDNA/ nDNA ratio of the pancreas was signicantly lower in the OTPs or Dityr treated mice than in the controls. The results of the western-blot assay showed that the OTPs or Dityr treatment induced a remarkable decrease in the protein level of a subunit of respiratory complex I (ND1). The ratios of JC-1 monomers and JC-1 polymers were markedly lower in the pancreas of the OTPs/Dityr treated mice, compared to those of the controls, indicating that OTPs/Dityr induced the mitochondrial membrane depolarization of the pancreas. In addition, the treatment of the mice with OTPs or Dityr decreased the mRNA levels of TFAM, ATP6, citrate synthase, OGDH, and it promoted the expression of UCP2. Furthermore, the OTPs/Dityr treatments dramatically suppressed the mRNA expression of the K ATP channel subunits Kir6.2 and Sur. 
3.2.3.
The effects of OTP and Dityr on the histopathological changes and apoptosis in pancreatic islets. As shown in Fig. 11 , at the morphological level, islets from the OTPs/Dityr-treated mice showed a disarray of cellular architecture and irregular boundaries. The percentage of TUNEL-positive areas was much larger in the pancreatic islets of the OTPs or Dityrtreated rats, suggesting that the OTPs or Dityr treatment caused apoptosis in the pancreatic islets. Both the OTPs and Dityr treatment down-regulated the mRNA level of the antiapoptosis gene (Bcl-2) and up-regulated the mRNA levels of pro-apoptosis genes (Caspase 3, and Bax), indicating that OTPs and Dityr induced apoptosis of pancreatic cells by regulating apoptotic genes.
3.3. Dityr exposure experiment using mice MIN-6 cells 3.3.1. The effects of Dityr and H 2 O 2 on the GSIS pathway and ROS generation in MIN-6 cells. Based on the above results, we found that Dityr and OTPs induced damage in the pancreas may be mainly related to oxidative stress. To clarify the mechanisms of Dityr induced oxidative stress, we performed the cell experiment using Dityr and H 2 O 2 . As shown in Fig. 12 , Dityr affected basal insulin release (2.5 mM glucose) in MIN-6 cells, but the effect was not signicant. However, Dityr resulted in a marked reduction in insulin secretion in cells when cultured in 16.7 mM glucose. Furthermore, the ratio of GSIS to BIS was lower in the Dityr-treated cells. The mRNA levels of genes in the GSIS pathway were signicantly decreased in the cells exposed to 0.1 and 1 mM Dityr when compared with those of the untreated cells. Consistent with the effects of Dityr on the insulin synthesis in MIN-6 cells, H 2 O 2 exposure also impaired the GSIS pathway in MIN-6 cells. We further found a signicant increase in cellular ROS levels in both Dityr-and H 2 O 2 -treated cells. In brief, Dityr has a similar effect on oxidative stress as H 2 O 2 , which leads to an impaired GSIS pathway. (Fig. 13) .
3.3.3. The effects of Dityr and H 2 O 2 on mitochondrial membrane potential, mRNA expression of genes involved in mitochondrial function and metabolism, and ATP generation in MIN-6 cells. Aer the MIN-6 cells were treated with 0.1 and 1 mM Dityr, a shi of uorescence from red to green was observed, indicating that the Dityr induced mitochondrial membrane depolarization in the cells. The administration of Dityr also affected the mRNA expressions of genes involved in mitochondrial function and metabolism in MIN-6 cells. In addition, cellular ATP levels were reduced to 68.5% and 53.9% of that detected in the untreated cells aer incubation with 0.1 and 1 mM Dityr, respectively. There was no difference in the ATP generation of the cells treated with 0.01 mM Dityr and the unexposed cells. In line with these ndings, the H 2 O 2 exposure also led to mitochondrial membrane depolarization, decreased ATP generation, and altered mRNA expressions of genes involved in mitochondrial function and metabolism in MIN-6 cells (Fig. 14) .
3.3.4. The effects of Dityr and H 2 O 2 on apoptosis through the intrinsic mitochondrial pathway. Dityr reduced cell viability in a dose-dependent manner. Dityr up-regulated the expression of the pro-apoptotic gene (Bax) and down-regulated the expression of the anti-apoptotic gene Bcl-2. Caspase 3 expression markedly increased in the Dityr-exposed cells, compared to the untreated cells. H 2 O 2 exposure also decreased cell viability and altered the mRNA expression of apoptosis related genes (Fig. 15) . 
Discussion
Tyrosine residues are susceptible to oxidation and nitration. The structures of oxidized tyrosine products (OTPs) are stable and not easily subjected to enzymatic hydrolysis; therefore, OTPs are widely detected in food systems, including meat and dairy products.
30,31
We previously demonstrated that a diet high in OTPs resulted in oxidative injury and inammation, 32 which may be briey associated with many metabolic disorders such as liver and renal brosis changes. The pancreas is particularly susceptible to oxidative stress, due to the weak activities of antioxidant enzymes, 33 and it plays an important role in glucose metabolism; therefore, the pancreas may be attacked by the oxidative stress induced by OTPs. However, the impact of dietary OTPs on the pancreas is not clear. The elevated fasting blood glucose and impaired glucose tolerance found in this study suggest that OTPs consumption would lead to dysfunction of the pancreatic islets. The OTPs treatment apparently resulted in down-regulation of mRNA expressions of genes in the GSIS pathway (Glut2 and Gck), as well as down-regulation of transcription factors that bind to promoters of insulin genes (Pdx-1 and MafA). These ndings conrmed that the consumption of OTPs impaired the GSIS pathway via the regulation of glucose uptake and glycolysis. Past research on the redox imbalance in diabetes reported that exposure of b cells to ROS suppressed insulin gene promoter activity and mRNA expression. 34 In addition, ROS markedly reduced the binding of b cells-specic transcription factors (Pdx-1 and MafA) to the insulin gene promoter. 35 In the present study, with increasing doses of OTPs, the generation of ROS and inhibition of antioxidant enzymes (SOD, CAT, and GPx) increased in rats, reecting severe oxidative stress. It has been reported that glutathione plays an important protective role in combating the oxidative damage of biological molecules, and the ratio of GSH to GSSG oen changes in the presence of oxidative stress. 36 In the current study, we measured the levels of GSH and GSSG, and the results revealed a decline in the GSH level and a rise in the GSSG level. The GSH/GSSG ratio in the OTPs-fed rats decreased when compared to the controls. Excessive ROS generation plays a key role in chronic inam-mation, ultimately resulting in increased levels of inammatory cytokines, such as TNF-a, IL-6. 37 Many previous studies revealed the co-effects of oxidative stress and chronic inammation on the bio-function of the pancreas. 38, 39 In the present study, the co-effects of oxidative stress and increased expression of inammatory cytokines could have led to the dysfunction of the pancreatic islets.
Oxidative damage is a complex pathophysiological process, which is implicated in a series of cellular and molecular events and signaling pathways. Among these, the Nrf2/ARE pathway has been identied as a potentially important pathogenesis mechanism in diabetes mellitus. 40 The antioxidant response element (ARE) is located in the promoter region of some genes encoding antioxidant enzymes, including Gpx, glutathione Stransferases (Gst), heme oxygenase-1 (Ho-1), and g-glutamylcysteine synthetase. 41 Under normal conditions, Nrf2 binds to the Kelch-like ECH-associated protein-1 (Keap1) in the cytoplasm, in association with the actin cytoskeleton. In the presence of stress induced by electrophilic groups, Nrf2 dissociates from Keap1 and translocates to the nucleus. It then binds to ARE sequences, resulting in the transcriptional activation of antioxidant and phase II detoxifying genes.
42 Nrf2 is activated under conditions of mild oxidative stress and inhibited under conditions of severe oxidative stress. 43 In this study, the downregulation of Nrf2 expression might have contributed to excessive ROS generation. The ndings of the down-regulated Nrf2, Gpx1, and Ho-1 expression suggest that the OTP treatment induced oxidative stress in the pancreas through inhibition of the Nrf2/ARE pathway. In the present study, L-tyrosine was used as a source to prepare OTPs. As the OTPs contained some tyrosine residues, a tyrosine-only group was used as a negative control. The rats in the tyrosine-treated group exhibited no oxidative stress or abnormal glucose metabolism, as compared to the control group. All these ndings conrmed that the oxidative damage that occurred aer the 24 week OTP treatment was specically induced by the treatment.
Many antioxidants, such as lipoic acid (LA), have been reported to prevent or at least attenuate the damage caused by oxidative stress. 44 Numerous studies have demonstrated the therapeutic potential of LA in diabetes, reporting that LA provided protection against oxidative damage and reduced the levels of inammatory cytokines. [45] [46] [47] In this study, the rats fed the OTP diet supplemented with LA had normal blood glucose and insulin levels. LA signicantly inhibited OTP-induced oxidative damage via down-regulation of oxidative stress and up-regulation of the activities of antioxidant enzymes. In addition, LA signicantly increased the expression of Nrf2, Gpx-1 and Ho-1 in the pancreas of OTPs-treated rats. These ndings strengthen our hypothesis that a diet rich in OTPs would affect insulin secretion in rats, associated with impaired antioxidant capacity. We also suggest that antioxidant supplements may be a feasible therapeutic response to oxidative stress induced by protein oxidation.
Dityr is the main component of OTPs, which is a very unusual molecule, linked not by peptide bonds but by covalent bonds. These bonds are resistant to proteolytic degradation and acid hydrolysis.
48 Therefore, we assumed that Dityr might be responsible for OTPs-induced injury and we further performed a 10 week gavage to study the effect of Dityr. The gavage study showed that OTPs and pure Dityr led to similar oxidative injuries in islets. Furthermore, the oxidative injury in the OTPs/ Dityr treated mice was consistent with that observed in the OTPs-fed rats. These results indicate that the administration of dietary OTPs induces oxidative stress and inammation in the pancreas, thereby potentially promoting dysfunction of insulin synthesis in islets. The present study proved that Dityr, the main component of the OTPs mixture, has an important role in OTPsinduced oxidative stress. The mitochondrion plays an important role in energy metabolism. 49 It is well established that the mitochondrial oxidative phosphorylation system generates free radicals and that the electron transport chain is vulnerable to ROS, with excessive generation of ROS leading to mitochondrial dysfunction.
50
Mitochondrial defects in b cells disturb glucose-stimulated insulin synthesis (GSIS). 19, 25 In pancreatic b cells, glucose transporter 2 (Glut2), which is phosphorylated by glucokinase (Gck), is involved in glucose transportation and glycolysis. In mitochondria, pyruvate enters into the tricarboxylic acid (TCA) cycle and activates ATP generation, which induces the closure of ATPsensitive K (K ATP ) channels and the depolarization of the plasma membrane, resulting in insulin release. 51, 52 Impaired GSIS can be induced by reduced glucose sensibility, disrupted mitochondrial metabolism and function, or a combination of both. As expected, in the present study, exposure to Dityr altered the mRNA level of Glut2 and Gck, both in MIN-6 cells and the mice pancreas. These results suggest that Dityr could impair the GSIS pathway by regulating the rate of glucose uptake and glycolysis. In addition, Dityr decreased the expression of the K ATP channel subunits Kir6.2 and Sur, which might account for the inhibition of insulin secretion in both Dityr-treated mice and cells. 51 This effect was accompanied by signicant downregulation of the mRNA level of subunit 6 of mitochondrial ATP synthase (ATP6). These ndings indicate that Dityr-induced mitochondrial damage may play an important role in the onset of b cell dysfunction.
In the present study, the OTPs and Dityr treatments had adverse effects on several key events involved in the regulation of mitochondrial function and metabolism in the mice pancreas and MIN-6 cells. For example, the OTPs and Dityr altered the mRNA levels of genes that were central to mitochondrial function and metabolism. Citrate synthase is a ratelimiting enzyme in the TCA cycle, OGDH encodes ratelimiting enzymes in the mitochondrial TCA cycle, and UCP2 negatively regulates the sensitivity of insulin secretion to glucose stimulation and mitochondrial ATP production in b cells. 53 The down-regulation of ATP6, citrate synthase, and OGDH, in addition to the up-regulation of UCP2, likely contributes to Dityr-induced defects in ATP generation and impaired GSIS. The mitochondrial transcription factor TFAM plays a role in mitochondrial biogenesis and respiration in response to environmental stimuli. As expected, in the present study, the TFAM mRNA level was reduced in the OTP/Dityrtreated mice and Dityr-exposed cells. Previous research showed that the expression of TFAM was specically associated with the mtDNA copy number. 54 mtDNA depletion, which plays a major role in mitochondrial diseases, is another potential cause of mitochondrial dysfunction. 55 mtDNA is prone to oxidative damage. In addition to mitochondrial dysfunction, previous research showed that an abnormal mtDNA copy number was associated with increased oxidative stress. 56, 57 Genetically altered mice lacking expression of the mitochondrial genome in b cells exhibited symptoms of diabetes and an impaired GSIS pathway in pancreatic islets. 58 In the present study, the results of the western blot and mtDNA copy number assay showed that the OTP and Dityr treatments depleted mtDNA in the mice pancreas and MIN-6 cells. Increased ROS production is associated with mtDNA damage.
21
In the current study, Dityr induced excessive ROS generation both in Dityr-treated mice and MIN-6 cells. Since H 2 O 2 exposure also led to increased ROS levels and decreased mtDNA copy numbers in MIN-6 cells, it suggested that Dityr-induced oxidative stress would be responsible for the mtDNA depletion.
A deciency in mitochondrial membrane integrity may be another confounding factor of mitochondrial dysfunction.
59,60
The membrane potential is a marker of the integrity of the mitochondrial membrane. Many studies have revealed the relationship between the membrane potential and ATP production.
61,62
In the present study, mitochondrial membrane depolarization was observed in the Dityr-exposed MIN-6 cells and in the pancreas of the OTPs/Dityr-treated mice. These results suggested that Dityr destroyed the structural integrity of the mitochondrion. The results also demonstrated that the OTPs and Dityr treatments had a negative effect on mitochondrial function.
One potential result of oxidative stress-induced mitochondrial dysfunction is cell apoptosis. The apoptosis of pancreatic b cells is a critical component in the pathogenesis of diabetes mellitus. 63, 64 In the present study, both OTPs and Dityr induced cell death via activation of the mitochondrial apoptotic pathway, including the Bcl-2 and caspase families. Bcl-2 is an anti-apoptotic factor, which plays an essential role in maintaining the integrity of the mitochondrial outer membrane. 65 Previous research reported that Bcl-2 was a central regulator of the mitochondrial-dependent apoptotic pathway. 66 Bax is a proapoptotic protein, which has been shown to induce mitochondrial membrane depolarization and promote the release of apoptogenic factors from mitochondria, leading to cell death.
66
The caspase family plays a critical role in the release of apoptotic signal. 67 The ndings of the present study demonstrate that OTPs and Dityr induced down-regulation of the Bcl-2 mRNA level, as well as up-regulation of Bax, causing altered mitochondrial membrane permeability and subsequent upregulation of Caspase 3. All the ndings indicate that the mitochondrial-mediated apoptotic signalling pathway, triggered by OTPs, is involved in the apoptotic process and that Dityr may be responsible for the injury induced by OTPs.
In conclusion, the results of the present study suggest that OTP induced oxidative injury in the pancreas potentially results in the disruption of glucose metabolism. Dityr, as the main oxidized product in OTPs, is responsible for OTPs-induced pancreatic injury. Therefore, we suggest that oxidative stressinduced mitochondrial dysfunction and mitochondrial-related apoptotic signals play an essential role in the OTPs/Dityrinduced functional insufficiency of pancreatic b cells.
